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Abstract
LHCb is a single arm spectrometer covering the pseudo-rapidity range between 1.9 and 4.9, and has been optimised to perform
ﬂavour physics measurements at the LHC. The present two stage trigger system is able to select charm and beauty decay products
with high eﬃciency due the highly inclusive approach of triggering on partially reconstructed decays and the use of a novel mul-
tivariate classiﬁer at the second stage. The trigger can select both leptonic and purely hadronic decays. The performance of the
trigger is determined from the data itself without having to rely on Monte-Carlo simulation and is presented. LHCb has recently
submitted their upgrade LOI, which mainly aims at proﬁting from much larger luminosities by moving towards a single fully soft-
ware based trigger. The upgrade strategy and expected performance are presented.
©2011 CERN, for the beneﬁt of the LHCb collaboration. Published by Elsevier BV. Selection and/or peer-review under re-
sponsibility of the organising committee for TIPP 2011.
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1. Introduction
The main physics goal of the LHCb experiment [1] at the LHC is the search for indirect evidence of physics
beyond the Standard Model in CP-violation and rare decays of b- and c-hadrons, also called heavy ﬂavour. The rate
of visible interactions in the LHCb interaction point is of the order of several tens of MHz, while only a few kHz can
be permanently stored and processed for analysis. This makes an eﬃcient trigger providing an excellent background
rejection of crucial importance.
2. The LHCb Detector
The LHCb detector is a single arm spectrometer in the forward direction, whose design has been optimised for
the measurement of decays of b- and c-hadrons. The detector consists of a number of subdetectors, starting at the
interaction point and moving in the forward direction up to the LHCb dipole magnet these are the Vertex Locator
(VELO), a ﬁrst Ring Imaging Cherenchov detector (RICH1) and a silicon-micro-strip tracker. Three tracking stations
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Figure 1: Invariant mass spectrum of TIS B+ candidates and J/ψ from B+ candidates.
are installed downstream of the magnet followed by a second RICH detector (RICH2). The ﬁrst muon detector station
is installed between RICH2 and a set of calorimeters and the ﬁnal four muon detector stations make up ﬁnal part of
the LHCb detector.
Several of the LHCb subsystems are of particular importance for eﬃciently triggering decays of b- and c-hadrons.
The lifetime of b- and c-hadrons results in their decay products not pointing to the primary interaction vertex (PV).
This combined with the excellent impact parameter resolution of the LHCb vertex locator (VELO) allows eﬃcient
identiﬁcation of signal-candidate tracks at an early stage in the reconstruction. Once candidate tracks have been ex-
tended to the tracking stations beyond the LHCb dipole magnet, the excellent track quality and momentum resolution
provide additional selection power. At the trigger level, this is augmented by the muon particle identiﬁcation provided
by the LHCb muon detector. In the oﬄine event processing, the RICH detectors provide additional particle identi-
ﬁcation for hadrons. Together with the calorimeters the muon detector provides the input to the ﬁrst trigger stage,
implemented in hardware.
3. The Current LHCb Trigger
The LHCb trigger consists of two systems, a trigger implemented in hardware (L0) and a software application
running on a farm of PCs, the High Level Trigger (HLT). The L0 requires either a calorimeter cluster with several
GeVs of ET , a single muon candidate with more than 1.4 GeV of pT or a dimuon candidate whose component tracks
have several hundred MeVs of pT each. The L0 thresholds have been optimised for maximum signal eﬃciency at a
maximum rate of 1 MHz. Once an event passed the L0 stage, the full detector is read out and the event is sent to the
HLT, which is split in two stages, HLT1 and HLT2. HLT1 consists of a set of independent reconstruction and selection
paths (lines). To minimise the CPU-time consumption of HLT1, reconstruction and selection steps are interleaved and
every available piece of information is used as soon as possible to reject background. The components of HLT1 can
be split into single track triggers and dimuon triggers; these HLT1 lines are discussed in sections 5 and 6. The HLT1
stage accepts events at a rate of approximately 50 kHz and these events are then processed by the HLT2 stage. At this
stage, a global reconstruction of the event is performed followed by a set of inclusive and exclusive selections; the
most of which are described in sections 8, 8 and 9. The HLT2 stage accepts events at a rate of approximately 3.5 kHz.
4. Determining Eﬃciency from Data
The trigger performance is evaluated using candidates which are accepted by a signal selection. Using these
candidates, the trigger eﬃciency can be measured by classifying them according to the information required to trigger.
• TIS (Trigger Independent of Signal): without the presence of the signal under study, the event would also have
been triggered;
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• TOS (Trigger On Signal): the signal under study is suﬃcient to accept the event.
Note that a candidate can be TIS and TOS simultaneously (TIS&TOS), or neither TOS nor TIS. The LHCb trigger
system records all the information needed for such a classiﬁcation. The eﬃciency for a candidate to be triggered on
signal TOS, is given by
TOS =
NTIS&TOS
NTIS
. (1)
Since oﬄine selected candidates are used, eﬀects such as the geometrical acceptance of the detector are not taken into
account. The phase space in which the calculated eﬃciency is valid is also determined by the oﬄine selection wherever
it applies more stringent cuts than the trigger selection under study. It should also be noted that to gain the largest
sample of TIS candidates, candidates are also considered if they are TIS with respect to other trigger selections than
the one being studied. These candidates are included under the assumption that the phase space of these additional
trigger selections fully overlaps with the one being studied, such that no biases are incurred. Diﬀerences in the
eﬃciency between triggering on signal and background candidates are expected and the sFit method [2] is used to
statistically disentangle them. A Probability Distribution Function (PDF) describing the invariant mass distributions
of the B+ and J/ψ in B+ → J/ψK+ candidates is used by the sFit method to determine appropriate event weights. The
PDF consists of a single Gaussian to describe the mass peak of the B+ signal, a Crystal Ball for the J/ψ invariant mass
distribution and for both dimensions a single exponential to describe the purely combinatorial background. The result
of a ﬁt of this PDF to the sample where L0, HLT1 and HLT2 are required to be TIS is shown in ﬁgure 1.
5. Single Track HLT1 Trigger
The single track trigger is based on the observation that more than 90% of the heavy-ﬂavour decays selected oﬄine
contain at least one track with high impact parameter and pT . All events accepted by L0 are processed by the single
track line. As a ﬁrst step, tracks are reconstructed in the VELO, followed by reconstruction of the PVs. Once the PVs
are available, VELO tracks with high impact parameter are selected for extension to the tracking stations. To speed up
this pattern-recognition step, hits are searched for in the tracking stations under the assumption that candidate tracks
have a minimum momentum of 10 GeV with a transverse component of at least 1.25 GeV. Successfully extended
tracks are ﬁtted and a track χ2 of at most 3 is required. Figures 2a and 2b show the eﬃciency for triggering two
common heavy-ﬂavour decays.
6. HLT1 Muon Trigger Lines
The HLT1 muon triggers serve as signal trigger for many analyses with one or more muons in the ﬁnal state.
The HLT1 muon triggers require the logical OR of an L0 muon and an L0 dimuon decision. VELO tracks are then
reconstructed and ﬁltered using a dedicated algorithm which attempts to ﬁnd muon hits which match VELO tracks.
Accepted tracks are extended to include hits in the tracking stations and ﬁtted to improved their quality and obtain a
reliable χ2. Additional muon identiﬁcation is applied to tracks which pass a cut on the χ2.
The ﬁnal HLT1muon trigger selections are split between single muon and dimuon lines. Two single muon lines are
implemented where one uses a cut on the minimum impact parameter signiﬁcance (IPS) while the other selects high
momentum muons from electroweak decays. Two dimuon lines have been implemented requiring either an invariant
mass of 2.5 GeV or an invariant mass of 1 GeV and additional detachment. Figure 2 shows the eﬃciency turn-on
curves for the two most important HLT1 muon triggers. The eﬀect of the IPS cut in the single-detached-muon line can
be clearly seen in ﬁgure 2d, while the eﬃciency remains ﬂat as a function of proper time in absence of any detachment
cuts as can be seen in ﬁgure 2c. The combined HLT1 muon triggers accept events at a rate of approximately 8 kHz.
7. HLT2 Topological Trigger Lines
The HLT2 topological trigger lines are designed to trigger eﬃciently on any B-decay with at least two charged
daughters. Since the CPU time available at the HLT2 stage only allows for tracks with a pT of at least 500 MeV
to be reconstructed, the topological trigger lines have adopted an inclusive approach to be able to obtain the desired
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(a) HLT1 single track eﬃciency for D0 → hh.
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(b) HLT1 single track eﬃciency for B+ → J/ψK+.
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(c) HLT1 dimuon eﬃciency for B+ → J/ψK+.
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(d) HLT1 single muon eﬃciency for B+ → J/ψK+.
Figure 2: Eﬃciency turn-on curves for the HLT1 single track trigger:(a) and (b) and HLT1 muon triggers:(c) and (d).
These eﬃciencies are evaluated using oﬄine selected candidates and the TIS&TOS method described in section 4.
eﬃciencies. It is, in other words, designed to trigger on partially reconstructed b-hadron decays. The topological
trigger lines consist of three main stages. Input particles are selected ﬁrst, then multi-body candidates are created and
these candidates are ﬁnally ﬁltered using a multivariate selection, which is described in more detail below.
The input particles are selected by applying IPS and track quality cuts to reconstructed tracks. From these input
particles 2-body combinations are created which are both used as input to the multivariate selection and used as input
to create 3- and 4-body combinations. 3- and 4-body candidates are created by incrementally adding tracks to the
2-body combination before being passed to the multivariate selection to create the 3- and 4-body topological lines.
Most of the rejection power of the topological lines is achieved by the last step, the multivariate selection; it
accepts only a few percent of the multi-body candidates which make up its input. A multivariate classiﬁer known as
a boosted decision tree (BDT) has been chosen. All multivariate classiﬁers select n-dimensional regions of the space
spanned by their input variables by learning provided training samples. There are several risks inherent in the training
procedure and a few are speciﬁc to the trigger environment. The training might result in regions which are small with
respect to detector resolutions or stability, which would at best reduce the power of the classiﬁer and at worst give it
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Figure 3: Mcorr of B0 → K∗μ+μ− trigger candidates.
very diﬃcult to understand systematics. In addition, although the topological triggers are meant to be inclusive, it is
not feasible to use every b-hadron decay they are supposed to select in the training. This emphasises the fact that it is
crucial to ensure that after training, the classiﬁer selects regions of multivariate space which correspond to common
b-hadron decay properties and not a sum of speciﬁc ones.
The solution to these issues is obtained by using a set of discretised input variables. The size of the regions
of multivariate space which are the result of training the BDT can then be controlled by choosing an appropriate
discretisation. When choosing the discretisation, the resolution of the LHCb detector in the respective variables and
common b-hadron decay properties can be taken into account. As an added advantage to the discretisation, the BDT
can be implemented as a look up in a one-dimensional array, which is more than fast enough to be used in the CPU
critical environment of the HLT.
A large number of variables were tested for usefulness in the BDT, but in the end it was found that the following
seven variables were suﬃcient: the sum of the absolute pT of all decay tracks, minimum momentum, invariant mass,
corrected mass, DOCA, candidate IPS and ﬂight distance χ2 . The corrected mass is given by
Mcorr =
√
M2 + |pT,miss|2 + |pT,miss|, (2)
where pT,miss is the missing momentum transverse to the ﬂight direction of the B and accounts for possibly missing
daughters. To illustrate the usefulness of the corrected mass for partially reconstructed candidates, ﬁgure 3 shows the
corrected mass and invariant mass of B0 → K∗μ+μ− candidates which pass the ﬁnal oﬄine selection.
To illustrate the performance of the topological trigger, the cumulative fraction of accepted events as a function of
the BDT response is shown in ﬁgure 4, where the components have been normalised using the inelastic cross section
measured by CMS and the pp → bbX and open-charm cross sections measured by LHCb [3, 4, 5]. The similarity in
the shape and size of the minimum bias data and inclusive b Monte Carlo above a response value of 0.2 is striking
and shows the remarkable purity of the topological triggers. From this ﬁgure an indication of the global eﬃciency of
the topological trigger can also be obtained by noting that at a response value of 0.2, the topological trigger selects
approximately 10% of the events in the inclusive b Monte Carlo sample.
8. HLT2 Inclusive Dimuon Trigger Lines
Many LHCb analyses involve dimuons, e.g. BS → μ+μ−, B → J/ψX, Λb → J/ψX and J/ψ , where the J/ψ
decays to two muons. Keeping the global event reconstruction performed at the HLT2 stage as similar as possible to
the reconstruction used in the oﬄine processing facilitates these analyses. Due to the limited CPU budget, it is not
possible to use an identical reconstruction and the most important diﬀerence arises from the fact that only tracks with
at least 6 GeV of momentum and 500 MeV of pT are reconstructed. The HLT2 inclusive dimuon trigger requires two
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Figure 4: Cumulative fraction of accepted event as a
function of BDT responsefor LHCb 2010 minimum
bias data (shaded grey), pp → ccX Monte Carlo
(blue), pp → bbX MonteCarlo (red) and minimum
bias Monte Carlo (black). Note that the Monte Carlo
is not explicitly normalised to the data.
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Figure 5: Eﬃciency turn-on curves as a function of
the proper time of B+ → J/ψK+ candidates for the
HLT2 inclusive dimuon trigger.
reconstructed tracks identiﬁed muons to have a vertex χ2 smaller than 16 and an invariant mass above 2.5 GeV. This
yields the eﬃciency turn-on curve shown in ﬁgure 5.
9. HLT2 Charm Trigger Lines
Triggers for charm decays face a speciﬁc set of challenges. The open-charm cross section of 1.23 ± 0.19mb [5]
combined with the instantaneous luminosities in the LHCb interaction point of around 3 ∗ 1032cm2s−1, results in
approximately 400 kHz of c-hadrons being produced. Even if background rates are ignored, inclusively selecting
events at such a high signal production rate would result in an untenable output rate of the trigger. Additionally,
the softer momentum spectrum of c-hadron decay products compared to b-hadron decay products result in a high
probability that at least one of the decay tracks is rejected by the momentum cuts used to speed up the global HLT2
reconstruction. To recover softer tracks, a two-stage approach has been adopted. Good 2-body combinations are
selected ﬁrst to reduce rates, followed by an extra reconstruction step with relaxed momentum and pT requirements
before the ﬁnal set of exclusive selections is applied. To cover a broad spectrum of charm decays sensitive to physics
beyond the standard model 2-, 3- and 4-body exclusive triggers are present, which all yield a signal purity between 10
and 50%.
10. The Future LHCb Trigger
The main bottleneck of the current trigger implementation in further enriching selected samples lies with the L0
trigger. Figure 6a shows that higher instantaneous luminosities will not yield an increase in interesting events. This is
caused by the fact that to maintain a maximum L0 rate of 1 MHz, thresholds need to be raised to such a degree that
the resulting loss in eﬃciency is no longer compensated by the allowed increase in instantaneous luminosity. This
bottleneck can only be overcome by upgrading the LHCb detector to allow a readout of the system at a higher rate.
In the proposal for the LHCb upgrade detailed in the LHCb upgrade Letter Of Intent (LOI) [6], the LHCb trigger
will consist of a Low Level Trigger (LLT) implemented in hardware, followed by a High Level Trigger implemented
in software. This design is very similar to the design of the current LHCb trigger, with the important diﬀerence that
the output rate of the Low Level Trigger can be scaled up to 40 MHz, depending resources available for the HLT. The
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(a) L0 trigger yield of B0 → K∗μ+μ− (blackcircles) and
Bs → φφ (blue squares) as a function oﬁnstantaneous lu-
minosity.
(b) LLT trigger eﬃciency of B0 → K∗μ+μ−(triangles),
Bs → J/ψφ (circles) and Bs → φφ (squares) as a func-
tion of maximum allowed LLTrate.
(c) Eﬃciency for triggering Bs → φφ decays atdiﬀerent stages of the
trigger.
(d) Time taken by the HLT stages versus maximum allowed LLT rate.
Figure 6: Limitations of L0 (a) and performance of the trigger foreseen for the LHCb upgrade: (b), (c) and (d).
eﬀect of allowing a higher LLT rate on the eﬃciency for several important decays is shown in ﬁgure 6b. The HLT for
the LHCb upgrade is foreseen to use the same strategy as is currently used, but to run on a larger number of PCs.
In the second half of 2010, the number of visible interactions per bunch crossing in the LHCb interaction point
reached a value close to the one foreseen for the LHCb upgrade. Minimum bias data gathered under these conditions
allows evaluation of the performance of the HLT with data. Figure 6c shows that most of the increased LLT eﬃciency
for triggering on Bs → φφ decays persists after the HLT. The fact that the average processing time per event goes down
as the maximum LLT rate increases can be understood by noting that an increased LLT rate implies lower threshold
and therefore events with a lower multiplicity. This shows that the amount of resources required to run the HLT at a
given LLT rate does not increase linearly with LLT rate.
11. Conclusions
Given the high eﬃciencies and signal purity presented, it is clear that the inclusive strategy adopted by the LHCb
trigger has been a very successful one. The ﬂexibility aﬀorded by a trigger implemented mainly in software has
proved to be of crucial importance to adapting to changing conditions and has enabled an unprecedented level of
optimisation in terms of physics performance to be obtained during the 2010 and (currently ongoing) 2011 running
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periods. The data recorded in 2010 with an average number of visible interactions close to values foreseen for the
LHCb upgrade has also allowed for the evaluation of performance of the design of the upgraded trigger in terms of
CPU time consumption and output rates. This has shown the increased eﬃciencies for key physics channels obtained
by allowing the hardware trigger stage to accept events at rates higher than 1 MHz persist after the software stage.
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